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ABSTRACT

Simultaneous measurements of low-energy precipitating

electrons and magnetic fluctuations from the low-altitude polar

orbiting satellite OGO-4 have been compared. Analysis of the

two sets of experimental data for isolated events led to the

classification of high-latitude field-aligned currents as purely

temporal or purely spatial variations. Magnetic field distur-

bances calculated using these simple current models and the

measured particle fluxes were in good agreement with measured

field values. While fluxes of greater than 1 keV electrons

are detected primarily on the nightside, magnetometer distur-

bances indicative of field-aligned currents were seen at all

local times, both in the visual auroral regions and dayside

polar cusp. Thus electrons with energies less than N 1 keV

are the prime charge carriers in high-latitude dayside field-

aligned currents. The satellite measurements are in good agree-

ment with previously measured field-aligned current values and

with values predicted from several models involving magneto-

spheric field-aligned currents.



INTRODUCTION

Measurements of field-aligned fluxes of low-energy electrons at

high latitudes have been made by several low-altitude satellite experi-

ments. In addition to the direct particle measurements, such as those

reported by Hoffman and Evans (1968) and Ackerson and Frank (1972), in-

direct evidence of field-aligned particle currents has been obtained

from magnetometer observations. Transverse magnetic disturbances observed

at 1100 km altitude in the auroral region by a satellite-borne magneto-

meter were reported by Zmuda et al. (1966). In later work (Zmuda et al.,

1967, Armstrong and Zmuda, 1970), these high latitude disturbances were

shown to be likely manifestations of the effects of field-aligned sheet

currents.

Additional observations of field-aligned particle fluxes and of

field-aligned currents have been reported by sounding rocket investigators.

Among those detecting fluxes of precipitating particles peaked in the

direction of the local magnetic field were Chase (1970), O'Brien and

Reasoner (1971), Vondrak et al. (1971), Whalen and McDiarmid (1972),

and Evans et al. (1972). Measurements indicating the existence of high-

latitude field-aligned currents have been reported by Park and Cloutier

(1971), and both field-aligned particle fluxes and field-aligned currents

were detected by Choy et al. (1971) and Cloutier et al. (1970).

A statistical study indicating the spatial extent of transverse

magnetic disturbances (which Cummings and Dessler, 1967, explained to

be due to currents flowing along magnetic field lines) has been performed

by Zmuda et al. (1970). The spatial distribution and spectral charac-

teristics of 2.3 keV field-aligned electrons have been presented in a

statistical study by Berko (1973).
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In this paper, we will present simultaneous high time resolution

measurements of precipitating particles and the magnetic effects of field-

aligned currents from two experiments aboard the polar-orbiting satellite

OGO-4. By comparing simultaneous particle detector and search coil mag-

netometer data, we will show that the OGO-4 particle detectors usually

measured the majority of the field-aligned currents in the high latitude

region. The current magnitudes derived from the particle detectors com-

pare favorably with published values of field-aligned currents, and are

shown to have the correct magnitudes for the field-aligned portions of

magnetospheric current system models.

EXPERIMENT DESCRIPTIONS

The OGO-4 satellite was launched on 28 July 1967 into a nearly cir-

cular low-altitude polar orbit with an apogee of - 908 km and a perigee

of 412 km. This orbit had an inclination of 860, which, combined with

the motion of the earth around the sun, caused a precession of the orbital

plane from its initial dusk-dawn orientation through all local times at

the rate of about 1½° per day. The satellite was body stabilized with

the +z axis pointing towards the earth and the sun in the -y, -z quadrant.

(Lower case letters will always refer to spacecraft axes.) The velocity

vector of the spacecraft depended upon the local time of the orbit. In

the noon-midnight meridian it was either in the -y or -y direction,

whereas in a dawn-dusk meridian it was in a +x or -x direction. This is

an important factor in the analysis of the search coil magnetometer data.

Satellite telemetry was at either 4 kbps (tape recorder playback or real

time), or at 16 or 64 kbps real time rates; only high time resolution



data at the two latter real time telemetry rates were found to be suitable

for this study.

The OGO-4 Auroral Particles Experiment (Hoffman and Evans, 1968)

consisted of an array of 8 detectors, each comprised of an electrostatic

analyzer for species and energy selection and a Bendix channel electron

multiplier as the particle detector (Evans, 1965). Four of the detectors,

(the "energy detectors"), were positioned to point radially away from the

earth and measured either electrons or protons in narrow energy bands

centered at 0.7, 2.3, 7.3, and 23.8 keV. Three other detectors (the

"angle detectors"), which measured charged particles at 2.3 keV were

positioned 300, 600, and 90° from the earth-spacecraft vector; the eighth

detector served as a background detector.

Each of the "energy" and "angle" detectors had bandpasses of -13%

and +19% about their center energy. At the high latitudes where almost

all of the data used for this paper were taken, the energy detectors

were oriented approximately parallel to the local magnetic field, and

primarily measured particles with pitch angles near 00° .

The OGO-4 Search Coil Magnetometer experiment (Frandsen et al., 1969)

consisted of a set of three sensors, the X and Y search coils oriented

450° and 1350 respectively to the earth-satellite radius vector in the

spacecraft x, z plane with the Z search coil oriented along the space-

craft +y direction, thus making an orthogonal set. (Upper case letters

will always refer to search coil axes.) Response of the search coils

was linear with frequency up to about 50 Hz at the highest telemetry

rate, where the instrument Nyquist frequency was 83 Hz. Above 50 Hz,

the response fell off at the rate of 12 db/oct to prevent aliasing.

Search coil magnetometer experiment data presented in this paper are from
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the waveform channel, in which the signal on each axis was sampled at

intervals dependent on the satellite telemetry rate.

A search coil magnetometer measures an induced voltage given by:

V = _d (At · ) , (1)
dt

where A is the effective coil area and n is a unit vector along the

coil axis. The measured quantity is thus

V= -A dn.g + n* + (v V ) B (2)
(dt [~t

where the three terms are due to the rotation of the coil in a

stationary field, the time variation of B, and the translational motion

with velocity v in a spatially varying field. For a non-rotating space-

craft, the first term vanishes, and thus

V = -At B , (3)

where B dB = aB + ( . ) B (4)

In general, the temporal and spatial parts are not uniquely separ-

able. Therefore, in our attempts at analyzing the magnetic fluctuations

seen in the search coil data, we have assumed certain simple current

models: purely temporal variations, and cylindrical and sheet current

spatial variations. Figure 1 illustrates these three model current vari-

ations, their resultant magnetic fields, and the derivative of B, which

is related to the signal from the search coils through equation (3).
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Field-aligned currents at high latitudes where the magnetic field

lines are nearly vertical would produce a magnetic field in the horizontal

direction, and thus the X and Y search coil outputs would show fluc-

tuations exactly in phase and in the same sense. The Z axis sensor,

oriented perpendicular to the plane containing the X and Y search coils

had an output whose phase and amplitude differed from the X and Y search

coil outputs, depending upon the location and direction of such currents

with respect to the moving spacecraft.

COMPARISON OF SIMULTANEOUS DATA

In comparing search coil magnetometer data and precipitating particle

data, the limitations of the two experiments greatly affect the success

of correlation attempts. The search coil magnetometer responds to

changes in B due to nearby currents without actually passing into or

through a current containing region. The particle detectors respond only

to particles actually reaching the instruments, and then only if their

energies lie within definite energy ranges.

An example of simultaneous data from the two experiments is presented

in Figure 2, which shows about four seconds of data acquired near 21

hours MLT at A z 73.3° . The top portion of the figure shows the near

00 pitch angle particle fluxes at 0.7 keV, 2.3 keV, and 7.3 keV, and

the ratio of the 00 flux to the 600 flux at the energy of 2.3 keV; the

X, Y, and Z search coil magnetometer responses are shown in the bottom

of the figure. Barrow, Alaska was almost directly under the satellite

at the time of the pass, and its magnetometer traces displayed a magnetic

bay of - 3 0 0 y in the H component and a 2 00y decrease in the Z com-

ponent at that time.
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It is first noticed that in general the search coil outputs had

their largest amplitudes and variations where the particle fluxes were

high. Several current configurations can be tentatively identified by

comparing the gross features of the search coil waveforms with the

model responses shown in Figure 1. In region A, defined by the 0.2

second burst of 2.3 keV electrons with an anisotropy factor of about 10,

the X and Y search coils produced a waveform not unlike that resulting

from passage through a circular current region. More clearly identi-

fiable is the current system B of circular cross-section, again char-

acterized by 2.3 keV electrons with a very high degree of anisotropy.

In fact we will show below that for this case there is excellent agreement

between the magnetometer fluctuations calculated from the measured currents

and that measured by all three search coils. The high latitude cut-off

of 7.3 keV electron precipitation at C can be identified as a temporal

variation in the current through the X and Y waveforms.

Thus, despite the large quantity of OGO-4 data acquired, only a

limited number of successful one-to-one particle and field correlations

were expected, since the chief problem was finding isolated, clearly

definable current configurations.

We will next consider in detail several examples where successful

correlations could be made. From the current densities measured in the

bandpasses of the particle detectors, and with certain assumptions on

the nature of the electron precipitation, search coil magnetometer re-

sponses could be computed and compared with the observed search coil

outputs.
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The current density is calculated from the particle measurements by

d2F
J j= j e ddE -cos- (2r sine) dc dE (5)

where e is the electronic charge

d2 F is the flux at the energy E and pitch angle a
dZE

and cosa is required because only the parallel component of the

velocity contributes the current.

The integration over pitch angle was performed at each of the three

energies 0.7, 2.3 and 7.3 keV (negligible fluxes were encountered at

23.8 keV). At the two lower energies, the four point pitch angle dis-

tribution measured at 2.3 keV was used, with linear interpolations be-

tween the fluxes at the angles measured. The flux was always assumed

to be isotropic at 7.3 keV. This first set of integrations yielded a

three point current density spectrum (amps/m2-keV). The second integral

over energy was then performed using power law spectra between the three

points.

As a first example, we have taken the spatial current variation en-

countered in region B of Pass 2988 (Figure 2). The current density J

as a function of time is shown at the top of Figure 3. A smooth curve,

indicated by the dashed line, was then fit to the measured current

density. Using this analytic representation for J, Ampere's law was

used to calculate the magnetic field producedby this current distri-

bution:

iB'-£T = po SA J-n dA , (6)

where A is the area inside the closed path dI .
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We then have

B -= A R J(r) rdr (7)

where we have assumed that the current form was cylindrical in shape

and the satellite effectively traversed the center.

The resultant model magnetic field is shown in the center of the

figure. Since the current variation was assumed to vary spatially,

equation 2 then takes the form

V = - A n · (v. ) B (8)

Thus, by taking the spatial derivative of the computed model magnetic

field, and taking into account the effective search coil area, space-

craft velocity, search coil unit vectors and dot products, we can pre-

dict the search coil response to the current form. Unit vectors for

the X, Y, and Z search coils are

nX = (-l//2, 0, -11/2)

n = (-1//r, o, 1//) (9)

nz = (0, 1, 0)

From equations 8 and 9, we obtain the induced voltages in the three

axes of the magnetometer due to a spatially varying current form to be

VX = 1// A v Bx

Vy = 1//2 A v y Bx (10)

Vz = -A v a By
ay
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for this case where the spacecraft velocity vector was in the -y

direction. The predicted X axis search coil response, computed using

the curve fit to the measured current density and equation 10, is

shown by the dashed line in the lower portion of Figure 3. Excellent

agreement is seen between the predicted and measured X axis search

coil output. Note in equation 10 and in Figure 2 that the calculated

and measured X and Y axis wave forms should be and are identical.

We can utilize the phase relationships between the X, Y, and Z axis

search coil traces to determine the actual location of the center of the

current region with respect to the satellite. We have indicated the signs

of the magnetic field components Bx and By in Figure 4, where we are

looking down at the current. It is evident that different search coil

outputs will result depending on which side of the "center" of the current

the satellite passes (the satellite velocity direction is known to be in

the -y direction for this first example). The key waveform for this de-

termination is from the Z axis, where it is noted in Figure 2 that there

is first a large positive signal followed by a symmetric negative signal

in region B. Noting that the Z axis signal depends upon the negative

gradient of By, such a waveform will be obtained if the satellite passed

through quadrants 1 and then 4. On the other hand, the opposite

polarities would have been obtained had it passed through quadrants 2

and then 3.

Therefore, we conclude from these calculations that the majority

of the current distribution was actually measured by the particle
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detectors since the amplitudes of the calculated and measured signals

agree, the current configuration was basically cylindrical in form, and

that the satellite passed somewhat to the side of the center of the

current region.

As a second example of a comparison between predicted and measured

search coil responses, we consider one second of data from Pass 3179.

In the top portion of Figure 5 we have plotted the current density mea-

sured by the particle detectors integrated over pitch angle and energy

(from 0.7 to 7.3 keV), to which a smooth curve (the dashed line) was

fit, as in the previous example. This current form was also assumed to

be spatially varying, and by the same method used in the previous example,

a model magnetic field was computed, which is indicated in the center

of Figure 5. At the bottom of the figure we have plotted the Y axis

search coil signal during this time period (solid curve).

Following the procedure used in the previous example, and again

using equation 10, we computed a predicted output signal for the Y axis

search coil, which is plotted as a dashed curve at the bottom of Figure

5. Agreement between the two curves is seen to be excellent. As in

the previous example, the spacecraft velocity was in the -y direction,

and we can again employ the phase relationship between the X, Y, and Z

axis search coil outputs to determine the orientation of the current

with respect to the satellite. The Z axis signal is first negative and

then positive (see Figure 7), the opposite of the previous example, so

we can conclude that the spacecraft traversed quadrants 2 and then 3 of

Figure 4.
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In the next example we shall consider a portion of data from Pass

3223 (Figure 6), in which the current variation was assumed to be

temporal; i.e., the particle detectors and magnetometer were exposed to

the field-aligned current as it increased and then decreased, without

undergoing any relative spacecraft-current motion. For the case of a

temporal current variation, equation 2 takes the form

aB
V = - A n · at , (11)

and inserting the unit vectors from equation 9, we find that the induced

voltages in each search coil are given by

aBx
V = 1/4 A x ~ at

aBx
Vy = 1//I A a (12)

Bat

VZ =-A y

Using the information in Figure 4 with the equations, it can be

shown that the waveforms from all three magnetometers can be exactly in

phase only for the temporal case (if the satellite is in quadrants 1 or

3 of Figure 4), but never in the cylindrical current configuration. We

note in Figure 8 (bottom) that indeed the VX and VZ waveforms have this

property.

The current density shown by the solid curve in the top portion of

Figure 6 was calculated by integrating the fluxes only from 0.7 to 2.3

keV, since fluxes of 7.3 and 23 keV electrons were essentially zero
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during this time. A smooth curve was then fit to this current density

profile, as shown by the dashed line. Equations 12 show that the search

coil output in this case is simply related to the time derivative of the

magnetic field. The time derivative of B was calculated from the time

derivative of J using the smooth form of J. In doing this we have

assumed that the current region was cylindrical with a spatially uniform

current density out to the distance of the satellite. Therefore, with

J only a function of time, equation 7 can be written

aB = t [ Rj(t) rdr] 2 R a (13) 

Applying equations 12 to this derivative we calculated the Z axis search

coil response to the time varying current. A comparison of the results

plotted in the bottom of Figure 6 with the measured waveform from the

Z axis coil shows good agreement in shape. A variable of the calculation

was the radius R, which was selected to be 3 km to give agreement in

amplitude between the measured and calculated curves. The distance

traveled by the satellite during the event must be small compared to

2R for the assumption of a temporal event to be valid. Since the event

was 0.3 sec in duration, during which the satellite moved slightly over

2 km, our assumption is reasonably valid.

The several examples presented above do show that in some cases we

can unambiguously identify the nature of a current form and the particle

fluxes constituting it. In Figure 7 we present three examples of simul-

taneous data indicating the presence of spatially varying current configu-

rations. We have plotted differential fluxes of 0.7 and 2.3 keV electrons
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at the top for each example, as well as the ratio of 2.3 keV fluxes with

00 pitch angle to those with 600 pitch angle. The simultaneous X, Y,

and Z axis search coil responses are plotted beneath the particle fluxes.

One of these examples (Pass 3179) has already been considered in detail.

Note in all three cases the X and Y waveforms are in phase, but out of

phase with Z.

Three examples of simultaneous data which we have identified as

signalling time varying currents are presented in Figure 8. Again one

of the examples was previously considered in detail. Note in all three

cases the three waveforms were all in phase. Note also that the magneto-

meter signatures in these three examples, as well as those in Figure 7,

were well isolated from other current signatures. Only the portion of

Pass 2590 shown in Figure 8 was at a time of relatively low and isotropic

2.3 keV flux (although the 0.7 keV flux was high). In the other examples

presented in this and the previous figure, the fluxes at both 0.7 and

2.3 keV were relatively high and quite field-aligned at 2.3 keV (ratio

of 00 pitch angle flux to 600 flux > 2).

We conclude from a detailed analysis of these particular cases that

the OGo-4 particle detectors measured a significant portion of the field-

aligned currents on the night side. In addition, it appears that the

field-aligned currents usually occurred in the regions of field-aligned

particle fluxes. We can use, then, the regions of field-aligned particle

measurements as an indicator of the field-aligned current regions, at

least on the night side.
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REGIONS OF OCCURRENCE

It is of interest then to compare statistically the high-latitude

regions where field-aligned electron precipitation is observed with the

regions where magnetic fluctuations, indicative of the presence of field-

aligned currents, are often found. Figure 9 contains a superposition

of regions where high fluxes of field-aligned 2.3 keV precipitation were

observed (from Berko, 1973),regions where the OGO-4 search coil magneto-

meters recorded fluctuations, and a "maximum" region where Zmuda et al.

(1970) observed transverse magnetic disturbances greater than - 30y.

Coincidence between the regions of field-aligned particle precipitation

and magnetic fluctuations, both from OGO-4 data and the data of Zmuda

et al., is quite good, except between 8 and 14 hours MLT, where very few

2.3 keV field-aligned precipitation events were detected. However,

particle precipitation at these local times has been shown to consist

primarily of electrons with energies in the hundreds of electron volts

(Hoffman and Berko, 1971b; Heikkila and Winningham, 1971). All three

regions shown in Figure 9 share the feature that the lower boundary is

at higher latitudes during the dayside hours than in the near-midnight

hours.

Hoffman (1972) has compared the quiet time (Kp less than or equal

to 2+) regions of magnetic disturbance of Zmuda et al. with the regions

of soft (0.7 keV) electron precipitation, when Kp was less than or equal

to 2 (from Hoffman and Berko, 1971a), and found excellent congruity. In

fact, since electrons with energies of 0.7 keV and below are the primary

electron influx to the dayside auroral regions (Hoffman and Berko, 1971a),
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they are the principal electrons on the dayside which are, undoubtedly,

associated with the transverse magnetic disturbances seen there so fre-

quently by the OGO-4 search coil magnetometers and by Zmuda et al. (1970).

FIELD-ALIGNED CURRENT MAGNITUDES

The current densities calculated from the measurements by the Auroral

Particles Experiment range up to about 5 x 10- 5 amps/m2 in the examples

discussed above. These values fall well within the range of measured,

inferred and theoretical values of field-aligned currents which have

appeared in the literature and are listed in Table 1. While the counting

rates from the particle detectors in the examples were usually quite

high, they were by no means the maximums ever observed in passes through

the midnight region during substorms. To estimate the total current out

of the ionosphere due to electron influxes, we first find the current in

a cylindrical current region. Using a radius of - 1 km (the distance the

satellite moved in 0.1 sec) and a current density of 5 x 10- 5 amps/m2,

there results a current of 150 amps per cylinder. Such current regions

might be encountered 6 times per pass (See e.g. Figure 2) in a width of

3 seconds, or 24 km, for a density of one every 4 kilometers. Assuming

a longitudinal extent of 1,000 km at this density (2 hours local time at

700 latitude), there results about 1,500 current regions. Therefore,

the total current out of the ionosphere is about 2 x 105 amps, again in

good agreement with the estimates listed in Table 1.
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SUMMARY

Data from the OGO-4 Auroral Particles Experiment and Search Coil

Magnetometer Experiment have been compared at times when simultaneous,

high time resolution measurements were available at high latitudes.

Magnetometer fluctuations indicative of field-aligned current were fre-

quently seen at all local times. Definite correlations between low-

energy particle fluxes and field-aligned current signatures were found

during many satellite passes. Using several simple idealized models of

current configurations, both spatial and temporal current variations

were distinguishable, although such a definite categorization was not

always possible.

Comparisons of measured magnetic field disturbances with those cal-

culated from measured current densities, using the simple models of

current configurations, give excellent agreement in certain late evening

hour cases. Field-aligned currents in these hours were detected in the

region of high field-aligned particle flux occurrence. Most of the

current in this region was carried by particles with energies greater

than 0.7 keV. It is probable that dayside field-aligned currents con-

sist primarily of electrons with energies less than - 1 keV, which are

the prime charge carriers in these hours.
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FIGURE CAPTIONS

Figure 1. Three types of simple field-aligned current variations, their

resultant magnetic fields, and the expected B for: top - purely

temporal variations; center - cylindrical, spatial variation;

bottom - spatial variation, sheet current.

Figure 2. Simultaneous electron fluxes and search coil outputs during

an evening hour pass. Magnetic signatures of several identi-

fiable current forms are shown between the X and Y search

coil traces.

Figure 3. Top-calculated current density (solid line) and smooth curve

representation (dashed line) for the spatial current variation

in region B of Figure 2; center - computed magnetic field;

bottom - actual X axis search coil response (solid curve) and

predicted X axis search coil response (dashed curve).

Figure 4. Signs of the components of the magnetic field in the x-y

plane looking down on the (upward) field-aligned current.

Figure 5. Similar to Figure 3 for a portion of data from Pass 3179,

except that the actual and predicted Y axis search coil out-

puts are shown. The data were taken at A = 70.50 and 19.8 hours MLT.

Figure 6. Similar to'Figure 3 for the current variation during Pass 3223

identified as temporal, with actual X and Z axis search coil

responses (solid lines) and predicted Z axis response (dashed

line) shown in the bottom of the figure. These data were

obtained at A = 71.00 and 19.5 hours MLT.

Figure 7. Three examples of simultaneous electron fluxes and search coil

outputs during simple, purely spatial current variations, as

determined by comparison of the search coil output and B

models from Figure 1.
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Figure 8. Similar to Figure 7 for three examples of temporal current

variations.

Comparison of regions where field-aligned 2.3 keV electron

precipitation was observed by OGO-4 (Berko, 1973) with the

regions where OGO-4 search coil magnetometer fluctuations

were observed and where transverse magnetic distrubances

were observed by Zmuda et al. (1970).

Figure 9.
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